heterophilic counterreceptor interactions has not been resolved for any adhesion pair. To define the detailed 
Results and Discussion
Rms deviation angles 1.102Њ a Statistics in 3.20-3.31Å shell.
Structure Determination
Proteins corresponding to the individual hCD58 and hCD2 adhesion domains were engineered in E. coli, since prior attempts to produce these single aminoan R free value of 28.1% using data to a resolution of 3.2 Å . The first three residues of hCD2 D1 are not included in terminal domains as secreted products in CHO or Lec3.2.8.1 cells were unsuccessful. Given the important the current model due to poorly defined electron density. There is, otherwise, no outlier in the Ramachandran plot. role of N-linked glycans for the solubility of these two proteins, their folding, and, in the case of hCD2, domain
Final statistics for the model are given in Table 1 . stability Wyss et al., 1995) , modifications were first introduced at the cDNA level. In the case Overall Structure As shown in Figure 1 , the molecules within the crystal of hCD2, for example, we obviated the requirement for the N-linked glycan attached at Asn-65 by introduction stack into discrete layers lying perpendicular to the diagonal within the unit cell along the [1 0 Ϫ1] direction of the triple mutation Lys61Glu/Phe63Leu/Thr67Ala on the opposite side of the domain from the hCD58-binding through which passes the pseudodyad that relates the two independent complexes A and B in the asymmetric site. Prior results suggested that conversion of the Lys-61 to a negatively charged amino acid reduced the unit. Two hCD2 D1 molecules and their symmetry mates form one layer and two hCD58 D1 molecules and their unfavorable clustering of positive charges in the hCD2 molecule which the high mannose glycan presumably symmetry mates form the other. These layers alternate along the [1 0 Ϫ1] direction. There is only one extensive delocalizes in the native molecule (Wyss et al., 1995) . Likewise, we developed a version of hCD58 D1 protein contact area between layers that involves the interactions between pairs of hCD2 D1 and hCD58 D1 molemutated in six positions, all at a distance from the hCD2-binding site based on molecular modeling and alanine cules. Within a single pair, these hCD2 D1 and hCD58 D1 immunoglobulin (Ig)-like domains pack face-to-face scanning mutagenesis (Phe1Ser/Val9Lys/Val21Gln/Val58Lys/Thr85Ser/Leu93Gly). This variant protein maniwith their GFCCЈCЈЈ ␤ sheets in a "hand-shaking" fashion. Figure 2 is a stereo view of the ribbon drawing of fests improved solubility without reducing hCD2 binding activity even in the absence of the three native N-linked one such "adhesion" complex with a structure-based alignment including strand assignments of hCD2 and glycans (Sun et al., 1999) . The 105-residue hCD2 D1 construct yielded 15 mg/l of correctly folded protein, hCD58 delineated in Figure 3 . Unlike the 60Њ ␤ sheet packing of variable domains of the heavy chain and light whereas the 95-residue hCD58 D1 construct yielded in excess of 60 mg/l. Cocrystals were produced when chain in antibodies (Chothia et al., 1985) or the ␣ chain and ␤ chain in TCRs (Garboczi et al., 1996; Garcia et hCD2 D1 and hCD58 D1 proteins were mixed at a 1:1 molar ratio. MALDI-TOF analysis of TFA dissolved crysal., 1996; Wang et al., 1998), the two sheets from hCD2 and hCD58 interact in an orthogonal manner (Chothia tals confirmed the presence of both components (data not shown).
and Janin, 1982). The conformation of hCD58 D1 agrees well with our The E. coli hCD2-hCD58 complex crystallizes in a monoclonic crystal form (C2 space group) with cell di-NMR solution structure (Sun et al., 1999 ) and the recently published X-ray structure of a chimeric CD58 molecule mensions such that a ϭ 179.8 Å , b ϭ 33.5 Å , c ϭ 108.4 Å , and ␤ ϭ 121.8Њ. The crystal contains two complexes (Ikemizu et al., 1999). The root-mean-square deviation (rmsd) of all 95 C␣ atoms between the NMR structure per asymmetric unit. The structure was determined with molecular replacement using the program AMoRe (Naand hCD58 of complex A in the crystal structure is 1.04 Å . Similar to hCD2 D1, the hCD58 D1 falls into a V set Igvaza 1994). The current model has been refined with X-PLOR (Brü nger, 1992) to an R work value of 22.3% and like fold. There are, however, two distinct features that set hCD2 D1 and hCD58 D1 apart from canonical V strand, resulting in a less flat GFCCЈCЈЈ face of hCD58 compared to that of hCD2. domains. First, there is no conserved intersheet disulfide bond in either case. Second, in a classic V set Ig fold,
The two crystallographically independent complexes in the asymmetric unit are extremely similar. The rmsd the polypeptide chain begins at the A strand, which hydrogen bonds to the B strand, then kinks at a proline of the two intact complexes is only 0.75 Å for all 197 C␣ atoms superimposed. The corresponding rmsd valor glycine residue in the middle and crosses over the ␤ sandwich to become the AЈ strand, which pairs with the ues for two hCD2 and two hCD58 molecules are 0.69 Å and 0.56 Å , respectively. In the following discussion, G strand on the opposite sheet. For hCD2 D1 as well as hCD58 D1, there is no proline or glycine in this region unless otherwise noted, only complex A is described. so we observe the AЈ strand in the AЈGFCCЈCЈЈ sheet only; the beginning segment of each domain (two resiThe Charged Adhesion Interface One striking feature of the adhesion interface between dues in hCD58 and seven residues in hCD2) is not hydrogen bonded to the B strand and hence, projects out in hCD2 and hCD58 is its hydrophilic character. In fact, the interface is dominated by charged residues. Table such a way that it is no longer part of the BED ␤ sheet. However, hCD2 and hCD58 differ from each other in 2 lists the hCD2 and hCD58 residues involved in forming hydrogen bonds and salt links across the interface of several respects. Most prominently, compared to hCD2, the FG loop of hCD58 is shortened by four residues, the complex. In the current model at 3.2 Å resolution, ten salt bridges and five hydrogen bonds have been and the ␤ bulge in the G strand is missing. The BC and CCЈ loops of hCD58 are also truncated. On the other identified. It is most notable that a significant number of charged residues engage in a complex salt bridge hand, the CЈЈD loop of hCD58 is three residues longer than in hCD2. Differences also exist in the length of the networking (Musafia et al., 1995) . For example, Arg-48 of hCD2 forms salt bridges to Glu-37 and Glu-39 of ␤ strands such that the C and F strands in hCD58 are shorter than in hCD2. The consequence is that the hCD58 as well as Asp-31 from the same hCD2 molecule, while Glu-39 and Glu-42 of hCD58 both salt bridge to GFCCЈCЈЈ sheet twists more between C strand and F Both domain 1 and domain 2 residues are indicated. Pound signs denote interface contact residues in the hCD2-hCD58 structure; asterisks mark residues in interface contacts in the hCD2-hCD2 structure; up arrows define the last residue of domains. Those underlined and labeled strands were assigned based on the crystal structures. Numbering corresponds to hCD2 and hCD58 residues. Residues shaded in red are structurally conserved within the CD2 subfamily.
Lys-51 of hCD2. In turn, Arg-44 of hCD58 contacts Aspsurface of the hCD2 and hCD58 molecules. al., 1998). Our calculation on the hCD2-hCD58 complex yields Sc ϭ 0.58. Note that at the current resolution, results from the four-residue deletion in hCD58 FG loop relative to that of hCD2 and the absent ␤ bulge at the solvent molecules were not included in our model, so the calculation may somewhat underestimate the shape start of the hCD58 G strand. From Figure 3 , it is also obvious that the center of the contact area is the C and complementarity. Nonetheless, the shape complementarity of the hCD2-hCD58 interface is at the very poor CЈ strands and intervening loops for both hCD2 and hCD58. CD58 additionally involves the CЈЈ strand while extreme. The relatively small intermolecular contact surface, poor shape complementarity, and predominant hCD2 includes the FG loop region in the interaction. Due to the inherent twist of ␤ sheets, the AЈ and G edge electrostatic interactions must be responsible for the experimentally determined binding kinetics involving strands curve away from this interface. In particular, the AЈ strands make little, if any, contacts. The view chosen hCD2 and hCD58. This will be discussed in greater detail below. in Figure 2 looks into the interface such that the more peripheral G and AЈ strands of hCD2 and hCD58 emerge
The earlier view that protein-protein association is mediated by hydrophobic residues with hydrophilic intoward the reader. From an electrostatic perspective, the interface is also asymmetric. On the hCD2 side, the teractions contributing to binding specificity appears to have been oversimplified. In fact, a recent survey adhesion involves six positively charged residues and three negatively charged residues ( ). This is at the lower extreme of the average value of 1600 Ϯ 400 Å 2 from a recent survey presumably because the interacting partners have to be stable in solution in their respective uncomplexed states structure during the folding process. In addition, as discussed above, the neutralization during complex forma-(Jones and Thornton, 1996). Furthermore, Xu et al. (1997) point out that in the protein binding process, electrostation of unfavorable like-charge clusters on each coligand also contributes to binding energy. Our structure tistics can both provide binding specificity and contribute to binding affinity. It appears that the exposed hydrogives a clear picture of a physiologic binding event involving two proteins that interact with one other through philic residues on the surface of a folded protein are only partially solvated. Hence, the desolvation cost to predominantly charged residues. Clearly, the major source of binding energy results from these charged form a molecular complex, although significant, is much less than when these same residues are converted from interactions rather than the minor hydrophobic van der Waals contacts mentioned above. an extended polypeptide chain into a three-dimensional There is a striking concordance between the molecubinds to Arg-48 of hCD2. By contrast, the changes in the FG loop of hCD58 appear to be the result of the lar model of the hCD2 D1-hCD58 D1 complex as defined by our crystallographic data, NMR data, and prior mutamain chain interaction with the CCЈ loop of hCD2. Definitive comparison between bound and unbound genesis studies involving CD2 and CD58. With the exception of hCD58 Arg44-hCD2 Asp31 and hCD58 Ser47-components of the CD2-CD58 complex must await a higher resolution structure. Nonetheless, these conforhCD2 Lys89, pairwise interactions where mutational data on both partner residues were not previously genermational changes explain well the NMR chemical shift data obtained from ., 1990 ). Hence, a primordial gene segment duplicated to produce a CD2 adhesion receptor-CD48 An interesting observation is that while there is no significant main chain alteration in the hCD58-ligated hCD2 ligand recognition pair before the divergence of humans and rodents. Subsequently, the CD2 gene diverged in structure relative to the unligated hCD2 structure, hCD58 changes its conformation near the interface upon these two species with its product evolved to recognize distinct ligands, CD58 and CD48, respectively. Because binding to hCD2. The hCD58 conformational changes are concentrated at its CЈCЈЈ and FG loops, with the hCD58 is more homologous to hCD48 than to hCD2 and is also located on human chromosome 1 (Sewell et al., most substantial difference involving the tip of the CЈCЈЈ loop (residues Glu-39-Glu-42), which moves toward the 1988), it is likely that a further duplication of the CD48 gene gave rise to CD58 in the human. No rodent CD58 hCD2 molecule by about 2 Å . This movement allows four intermolecular salt bridges to form between the gene has been identified. Moreover, the affinity of rodent CD2 for rodent CD48 is higher than that between the hCD58 and hCD2 adhesion pair: Glu-39 and Glu-42 of hCD58 interact with Lys-51 of hCD2, Arg-44 of hCD58 human homologs but not as great as that between hCD2-hCD58 (Davis et al., 1998c) . Collectively, it would interacts with Asp-31 of hCD2, and Glu-37 of hCD58 appear that the rodent CD2-CD48 interaction has been membrane in a manner similar to that observed in the largely replaced by the CD2-CD58 interaction during structure of ICAM-2, another cell adhesion molecule evolution of human and sheep species.
(Casasnovas et al., 1997). The majority of the CD2 subfamily members have ex- Figure 3 also demonstrates that residues involved in tracellular portions that consist of two domains: the disinterface interaction in our hCD2-hCD58 structure are tal V set Ig domain and a membrane-proximal C2 set Ig aligned very well with those interacting residues obdomain (Williams, 1987) . Each shares distinct structural served in the hCD2-hCD2 structure derived from crystal features that are suitable for cell adhesion. Along with packing (Bodian et al., 1994 ). This is a strong indication structural alignment of hCD2 and hCD58, Figure 3 illusthat the orthogonal "hand-shaking" binding mode may trates the sequence alignment of rat CD2 (rCD2), rCD48, be a generally applicable one, with a conserved set of hCD48, and SLAM. The residues shown in red are conresidues employed for adhesion in the CD2 subfamily. served. These include hydrophobic core residues in B, Depending on the interacting partnership in question, C, E, and F strands for both domains. In domain 1, there the binding affinity can vary dramatically. Table 2 details are several characteristic features of the V set domain: the observed interactions between hCD2 and hCD58 a salt bridge between an arginine at the beginning of in our complex structures which have evolved into a the D strand and an aspartate at the beginning of the F charge complementary interface. A similar analysis strand (CD2 is an exception), a ␤ bulge in the CЈ strand shows that in the analogous hCD2-hCD2 interface obthat is made up of two consecutive hydrophobic resiserved in crystal packing (Bodian et al., 1994), there are dues, a hydrogen bond from the conserved tryptophan fewer salt bridges (four pairs as opposed to ten pairs in the C strand to the carbonyl oxygen of a glycine at in hCD2-hCD58). Moreover, quite a few unfavorable beginning of the E strand, and another hydrogen bond contacts are observed in the interface, the extreme befrom a tyrosine in the middle of the F strand to the ing the positively charged cluster of two Arg-48 and two carbonyl oxygen of the aspartate four residues upLys-51 residues. In fact, the affinity of the hCD2-hCD2 stream. One notable point of departure from other IgSF interaction is so weak that no in vivo binding has been V sets is that all domain 1 regions in the subfamily lack reported. On the other hand, the binding affinity of rCD2-the conserved intersheet disulfide bond between the rCD48 is shown to be at least 10ϫ weaker than that of cysteines on the B and Based on the current X-ray structure of the hCD2 D1-near the bottom of D2: at the AB loop in the case of hCD58 D1 complex, the previously described X-ray CD2 and SLAM, and at the EF loop in the case of CD48 structure of the hCD2 D1D2 and homology modeling of and CD58. As noted before (Jones et al., 1992) , this hCD58 D1D2 using hCD2 D1D2, we constructed a model glycan should point toward the cell membrane. We propose that the glycan will help orient D2 on the cell of the interaction between the entire hCD2 and hCD58 
Heterophilic Adhesion in Immune Recognition
The evolution of heterophilic CD2-CD58 recognition may offer additional specificity over that of a homophilic interaction involving the primordial CD2 anlage. Hence, tates cell-cell adhesion. That the binding surface of the GFCCЈCЈЈ sheet of D1 is oriented away from cell membrane (assuming that D2 is roughly perpendicular to the ectodomain. In the two views offered in Figure 5 representing a ‫021ف‬Њ vertical axis rotation relative to each membrane) in both hCD2 and hCD58 molecules precludes the possibility that CD2 and CD58 molecules on other, the T cell membrane is situated at the top of the page and the APC membrane at the bottom. The the same cell surface might interact with one another, hence favoring heterophilic molecular interactions bedistance spanned by the heterophilic counterreceptor complex is ‫041ف‬ Å (exclusive of the short membranetween molecules on opposing cells (trans) rather than between molecules on the same cell (cis). A review of proximal 6-to 9-residue stalk region of each component), roughly the distance bridged by a TCR-pMHC other adhesion molecules (Wang and Springer, 1998) emphasizes that a proper presentation of binding sites interaction. The conformational epitope, termed CD2R, which maps to the flexible linker region between D1 and on cellular surfaces is critical for cell adhesion in the trans mode. the observed k off rate is Ն4 s Ϫ1 and the calculated k on is Ն400,000 M Ϫ1 ·s Ϫ1 . This result is in contrast to that of These glycans will affect the packing of the counterreceptors as they cluster at the cell-cell junction. In the the characterized TCR-pMHC interactions, where the k on varies from 600 to 22,000 M Ϫ1 ·s Ϫ1 and k off is 0.01-0.1 case of N-CAM molecules, the state of polysialylation s Ϫ1 (K D of 1-100 M) (Davis et al., 1998a) . Second, NMR among the CD2-CD58 complexes and unligated compostudies examining the interaction between hCD2 and nents creates a loose and dynamic organization within hCD58 adhesion domains in solution show that the k off the T cell-target cell contact area. This allows TCR comfor this complex is ‫7ف‬ s Ϫ1 as determined by exchange plexes and pMHC molecules to diffuse into this contact line broadening, consistent with the fast dissociate rate region without much hindrance such that interactions determined by surface plasmon resonance (Sun et al., are optimized by the intermembrane distance main-1999). Third, photobleaching studies using a glass tained by the CD2-CD58 complexes. By way of contrast, supported lipid bilayer reconstituted with fluorescentlarger molecules such as CD45 or integrins would be labeled CD58 molecules demonstrate that the T cellexcluded from this junction. The recently described subilayer interface fosters rapid exchange of components pramolecular organization of membranes in the area of within a given hCD2-hCD58 pair (Dustin, 1997) . Hence, contact between T cells and APCs is consistent with this while fluorescent hCD58 molecules that accumulate in suggestion (Monks et al., 1998) . Finally, TCR stimulathe T cell-bilayer interface are bleached, these are raption activates integrin-mediated adhesion (Dustin and idly replaced with fluorescent hCD58 molecules diffusSpringer, 1989). Hence, once activation of integrin-CAM ing into the contact site from adjacent bilayer regions adhesion occurs, the integrins will strengthen the CD2 undoubtedly aided by enhanced mobility of the hCD58 adhesion by further contributing to cell-cell interaction through its phosphoinositide membrane linkage. These forces although at a distance from the proposed CD2-data convincingly argue that hCD2-hCD58 bound mo-CD58 membrane domain contact site. Such reinforced lecular pairs rapidly dissociate and exchange to new cell-cell contact may be particularly important for the partners rather than rebinding to the same CD2-CD58 generation of interdomain junctional stability required pair components. The favorable charge complementarfor efficient CTL lysis of targets, for example. The dyity shown herein for the CD2-CD58 interface likely connamic nature and coordination of such adhesion events tributes to the very fast on rate, while the rapid off rate remain to be investigated. may result from the virtual absence of interface hydrophobic contacts. This dynamic view of the CD2-
Experimental Procedures

CD58 interaction is further born out by the rapid redistribution of CD2 to the cell-cell junction during conjugate
Protein Production and Purification
To produce histidine-tagged human CD2 D1 (aa 1-105), the 5Ј and formation. In addition, the CD2 ectodomain undergoes 3Ј primers were designed to introduce six histidine residues followed rapid conformational changes as documented by ap- 
